Translocation, processing and secretion of YvaY, a Bacillus subtilis protein of unknown function, were characterised both in B. subtilis and in Escherichia coli. In its natural host B. subtilis, YvaY was transiently synthesised at the end of the exponential growth phase. It was efficiently secreted into the culture supernatant in spite of a calculated membrane spanning domain in the mature part of the protein. In E. coli, despite the high conservation of Sec-dependent transport components, processing of preYvaY was strongly impaired. To uncover which elements of E. coli and B. subtilis translocation systems are responsible for the observed substrate specificity, components of the B. subtilis Sec-system were co-expressed besides yvaY in E. coli. Expression of B. subtilis secA or secYEG genes did not affect processing, but expression of B. subtilis signal peptidase genes significantly enhanced processing of preYvaY in E. coli. While the major signal peptidases SipS or SipT had a strong stimulatory effect on preYvaY processing, the minor signal peptidases SipU, SipV or SipW had a far less stimulatory effect in E. coli. These results reveal that targeting and translocation of preYvaY is mediated by the E. coli Sec proteins but processing of preYvaY is not performed by E. coli signal peptidase LepB. Thus, differences in substrate specificities of E. coli LepB and the B. subtilis Sip proteins provide the bottleneck for export of YvaY in E. coli. Significant slower processing of preYvaY in absence of SecB indicated that SecB mediates targeting of the B. subtilis precursor.
Introduction
Exported proteins are usually synthesised as pre-proteins with an amino-terminal signal peptide. Upon the recognition of the signal peptide by speci¢c cellular sorting and translocation machineries, it canalises the selected targeting and transport route as well as the e⁄ciency of preprotein export. During or shortly after translocation the signal peptide is proteolytically cleaved o¡ by specialised signal peptidases resulting in the release of the mature protein from the membrane. Signal peptides consist of short stretches of amino acids which contain a positively charged n-region, a hydrophobic h-region, and a neutral but polar c-region. Despite having no distinct consensus sequence other than a commonly found c-region 'Ala-XAla' motif preceding the cleavage site, signal sequences are recognised by type I signal peptidases with high ¢delity [1] .
Most of the extracytosolic proteins are translocated by a so-called Sec-dependent export machinery, genetically and biochemically best characterised for Escherichia coli (for reviews, see [2, 3] . This system, termed pre-protein translocase, consists of the peripheral membrane protein SecA and a multi-subunit membrane protein complex with the SecY, SecE and SecG as subunits [4] . The SecYEG complex acts as a receptor for SecA, and functions as a preprotein-conducting channel [5] . The integral membrane proteins SecD and SecF are not essential for precursor protein translocation, but stabilise the SecYEG-bound SecA in a membrane-inserted state [6] . At the outer surface of the cytosolic membrane the signal peptidase LepB hydrolyses the cleavage site of the signal peptide allowing the release of the protein from the membrane. To mediate e⁄cient and close contact to the translocase, targeting factors like SecB or SRP meditate targeting of pre-proteins. SecB stabilises selected pre-proteins in an unfolded, non-aggregated conformation [7] . The SecB^pre-protein complex is then targeted to the SecYEG-bound SecA. The pre-protein is subsequently transferred from SecB to SecA, and upon the ATP-dependent initiation of translocation, SecB is released into the cytosol [8] . It has been demonstrated that the SRP ribonucleoprotein complex consisting of a Ffh protein and a 4.5S RNA is probably used primarily for the targeting and assembly of inner membrane proteins [9] .
The central components of the protein translocation system of Bacillus subtilis are similar to those of E. coli. Homologous components of Ffh, 4.5S RNA, SecA, SecY, SecE, SecG, SecDF and signal peptidases were identi¢ed in B. subtilis (for reviews, see [10, 11] ). Functional studies demonstrated similar biological activities of SecA, SecY, SecE and SecG proteins [12^14] . While in E. coli secD and secF are synthesised as two independent proteins, B. subtilis SecDF is produced as one large fusion protein [15] . Opposite to E. coli, where only one signal peptidase (LepB) is present, ¢ve chromosomal encoded type I signal peptidases have been identi¢ed in B. subtilis (SipS, T, U, V, W; [16^18]). While LepB has two membrane spanning domains, Sip S, T, U and V have one membrane spanning domain only (reviewed in [19] ). SipW sharing similarity to the signal peptidase of the endoplasmic reticulum has two membrane spanning domains [20] . The Sip proteins have at least partially overlapping substrate speci¢cities, but di¡erences in substrate preferences are also evident [21] . SipW is required for processing of the spore-associated protein TasA [20] . In vitro studies with full-length as well as truncated constructs of B. subtilis SipS and E. coli LepB indicated both enzymes have similar membrane speci¢cities [1] .
E⁄cient export of E. coli proOmpA in B. subtilis revealed that the basic mechanism of protein translocation is conserved in Gram-positive and Gram-negative bacteria [22] . In contrast, impaired export e⁄ciencies of B. subtilis precursor molecules in E. coli and vice versa have been used to demonstrate di¡erences and speci¢cities of signal peptides and transport components [23, 24] , or have been successfully used to characterise new components of the Sec-dependent transport machinery [18] .
Targeting, export and secretion characteristics of YvaY were analysed in B. subtilis as well as in E. coli. In B. subtilis preYvaY was transiently produced and e⁄-ciently processed and secreted. While E. coli Sec proteins mediated the e⁄cient targeting and translocation of preYvaY through the cytosolic membrane, presence of B. subtilis signal peptidases was a prerequisite for e⁄cient pro- cessing. Processing of preYvaY in E. coli was reduced in the absence of SecB.
Materials and methods

Bacterial strains, plasmids and media
Bacterial strains and plasmids used in the study are summarised in Table 1 . Strains were grown in TY medium or on TY plates [25] . Pulse-labelling of B. subtilis was carried out in de¢ned HPDM medium [26] , casamino acids were replaced by amino acids (0.02 mg ml 31 ) excluding methionine and cysteine. Total cell protein and protein released into the medium were collected as described [27] . Pulse-labelling in E. coli was carried out as described previously [28] . If required, ampicillin (80 Wg ml 31 ), chloramphenicol (20 Wg ml 31 ) or kanamycin (20 Wg ml 31 ) were added.
DNA manipulation/techniques
Procedures for DNA puri¢cation, restriction, ligation, transformation of E. coli, and agarose gel electrophoresis were carried out as described by Sambrook et al. [29] .
To amplify the DNA region encoding the mature part of YvaY primer Y1 5P-CAGGATCCAAAGAAAACCA-TACATTT-3P, incorporating a BamHI restriction site and primer Y2 containing an HindIII site 5P-TAAAAGCT-TATTGATGAATCAATTTT-3P were used. The DNA fragment was ampli¢ed by PCR from B. subtilis chromosomal DNA. The ampli¢ed fragments were digested with BamHI and HindIII and were inserted 3P terminal of the His coding region of pQE9 (Qiagen, Hilden) digested with the same enzymes. The resulting plasmid pQE9mYvaY was transformed into E. coli TG1(pREP4) allowing the IPTG-inducible synthesis of His 6 -tagged mature YvaY.
In order to express the wild-type yvaY the gene was ampli¢ed with primer Y4 5P-ACGGGATCCTTAATGG-AGGTATAAT-3P, localised 5P of the ribosomal binding site of yvaY and incorporating a BamHI restriction site and primer Y5 5P-CATCGAAGCTTGTCTTGCGGAG-CAATCCGC-3P localised 3P of the yvaY stop codon and incorporating a HindIII restriction site. The ampli¢ed fragment was digested with BamHI and HindIII and was inserted 3P terminal of the P BAD promoter of pAR3 [30] digested with the same enzymes. The resulting plasmids allowed the arabinose-inducible synthesis of preYvaY.
Pulse chase-labelling and analysis of protein release
Pulse chase-labelling experiments of E. coli [31] or B. subtilis [32] were performed as described. Total cell protein (cell bound and secreted) and protein secreted into the medium were collected as described [27] . Amount of immunoprecipitated protein was corrected for the number of methionine residues present in the YvaY peptides.
Sodium dodecyl sulfate^polyacrylamide gel electrophoresis (SDS^PAGE) and Western blot analysis
SDS^PAGE was carried out as described by Laemmli [33] . After separation by SDS^PAGE, proteins were transferred to a nitrocellulose membrane (Schleicher and Schu « ll) as described by [34] . Proteins were visualised using monospeci¢c antibodies against OmpA (dilution 1: 10 000), SecY (dilution 1: 5000), SecA (dilution 1: 5000), YvaY (dilution 1: 3300), SecB (dilution 1: 5000), CsaA [35] (dilution 1: 2500) and alkaline phosphatase-conjugated goat anti-rabbit antibodies (Sigma) according to the manufacturer's instructions.
Preparation and puri¢cation of antibodies
Mature His 6 -tagged YvaY was prepared from a IPTGinduced E. coli TG1(pREP4, pQE9myvaY) culture by Ni 2þ -nitrilotriacetic agarose a⁄nity chromatography (Qiagen, Hilden, Germany). Puri¢cation was carried out under denaturing conditions in the presence of 8 M urea and 1% dodecyl maltoside.
Puri¢ed His 6 -YvaY emulsi¢ed in MPL+TDM+CWS adjuvant (Sigma no. M6661) at 100 Wg ml 31 was used to immunise New Zealand white rabbits (Charles River, Germany). His 6 -YvaY speci¢c antibodies were a⁄nity puri¢ed from the sera by adsorption to and elution (with 0.1 M glycine at pH 2.5) from nitrocellulose [32] . As proved by Western blotting, antiserum speci¢cally recognised YvaY peptides.
Results
Expression and secretion of preYvaY in B. subtilis
Expression and secretion of YvaY was monitored in B. subtilis strain DB104 grown in complex medium. At selected time points during growth the supernatant of cultures was assayed for YvaY (Fig. 1) . During exponential growth no protein recognised by YvaY antibodies was detected. At the onset of the stationary growth phase pronounced secretion of YvaY was observed (Fig. 1B) . The protein band detected by antibodies against YvaY had a calculated molecular mass of 19 kDa revealing the speci¢c detection of YvaY. About 2 h after reaching the stationary growth phase, a second protein band with a molecular mass of 15 kDa was detected by YvaY antibodies in the culture supernatant. During ongoing cultivation YvaY disappeared in the culture supernatant indicating that YvaY protein was degraded by host speci¢c proteases.
3.2.. Processing and secretion of preYvaY in B. subtilis
In order to characterise the translocation and secretion of preYvaY in more detail, B. subtilis DB104 was grown in synthetic medium, pulse-labelled with [ 35 S]methionine and chased with unlabelled methionine. Samples containing total cell protein or cell-free supernatant were withdrawn and processed for immunoprecipitation of YvaY (Fig. 2) . PreYvaY was e⁄ciently processed. Thirty second post-chase about 70% of the pre-protein was already converted into its mature form.
At all chase periods the amount of mature YvaY detected in the supernatant (Fig. 2B) was similar to the amount of total mature protein ( Fig. 2A) . This indicates that the protein was secreted directly after complete cleavage of the signal peptide. Thus, neither the B. subtilis cytosolic membrane nor the cell wall retarded the secretion of YvaY.
PreYvaY remains unprocessed in E. coli
In order to study if preYvaY is exported in E. coli with similar e⁄ciency to that in B. subtilis, yvaY was expressed in E. coli by constructing plasmid pAR3yvaY, allowing the arabinose-inducible synthesis of the protein (data not shown). Immunological detection of YvaY in E. coli TG1(pAR3yvaY) revealed that preYvaY remained mainly unprocessed (Fig. 3A, lane 1) . Only a small portion of the precursor was converted into its mature form with a molecular mass similar to the protein detected in the supernatant of B. subtilis (Fig. 3A, lane 3) , indicating that the same processing site was recognised by signal peptidases of both bacterial organisms. Again, an intermediate processing product was detected. E. coli strain TG1(pAR3yvaY) was treated with sodium azide to impair translocationATPase activity of the SecA protein [36] . Suppression of preYvaY processing in azide treated TG1(pAR3yvaY) cells indicated that the partial processing was due to Sec-dependent translocation (Fig. 3A, lane 2) . Accumulation of proOmpA demonstrated e⁄cacy of the method (Fig. 3A, lane 2) . Pulse chase-labelling of TG1(pAR3yvaY) con¢rmed the ine⁄cient processing of preYvaY (Fig. 3B) .
B. subtilis Sec proteins do not stimulate processing of preYvaY
Di¡erent processing e⁄ciencies of preYvaY in B. subtilis and E. coli could be^besides di¡erent targeting spe- ci¢cities^due to ine⁄cient translocation or to ine⁄cient cleavage of its signal peptide. Despite the demonstrated similar function of the SecA, SecY, SecE, or SecG proteins in both organisms [12] , preYvaY translocation could be impaired. In order to prove this hypothesis, B. subtilis Sec proteins were co-expressed in E. coli TG1(pAR3yvaY) using plasmids pET822 encoding B. subtilis secYEG or/and pET815 encoding B. subtilis secA. Expression of Sec proteins was monitored by immunological detection of SecA and SecY, respectively (Fig. 4) . Neither co-synthesis of SecYEG nor co-production of SecA a¡ected the processing pro¢le of preYvaY. Simultaneous expression of sec-YEG and secA did not a¡ect the processing e⁄ciency of YvaY, too (Fig. 4, lane 3) .
YvaY is translocated but not processed in E. coli
Since processing of preYvaY remained ine⁄cient even after providing the main translocase components of the gene donor strain it could be assumed that preYvaY is translocated but not processed. To con¢rm this, in vivo protease mapping experiments previously successfully used to demonstrate extracytosolic localisation of unprocessed proteins [37, 38] were carried out. As shown in Fig. 5A , preYvaY produced in strain TG1(pREP4, pAR3yvaY) was accessible to proteinase K at the outer side of the cytosolic membrane. The reliability of the method was veri¢ed using the cytosolic SecB as internal control (Fig.  5B) . In spheroplasts SecB was resistant to proteinase K, but was digested after solubilising the spheroplasts with Triton X-100. This observation demonstrates that preYvaY was completely translocated to the outer side of the cytosolic membrane.
B. subtilis signal peptidases recognise processing site of preYvaY
To elucidate if preYvaY accumulation was due to inef¢cient recognition by E. coli signal peptidase LepB, plasmids mediating constitutive expression of B. subtilis or E. coli signal peptidase genes were transformed in E. coli TG1(pAR3yvaY). While major signal peptidases SipS or SipT mediated e⁄cient conversion of preYvaY, co-production of minor signal peptidases SipU, SipV or SipW resulted in partial stimulation of preYvaY processing (Fig.  6A ). E. coli TG1(pAR3yvaY) was transformed with insertfree plasmid pGDL42 which did not a¡ect preYvaY accumulation. To check if stimulation of preYvaY processing was simply due to the quantity of the leader peptidases, E. coli leader peptidase was co-expressed by using plasmid pTD101 mediating a 30-fold overexpression of lepB [39] . Overproduction of LepB hardly a¡ected accumulation of preYvaY (Fig. 6B) . Taken together, the above data reveal that preYvaY was e⁄ciently transported in E. coli, but Fig. 5 . In vitro protease mapping of preYvaY in E. coli. E. coli strain TG1(pAR3yvay) was grown in TY medium to exponential growth and expression of yvaY was induced for 1 h with arabinose (0.2%). Samples was treated with proteinase K, with proteinase K and Triton X-100 or remained untreated as indicated. Subcellular localisation of YvaY was detected by in vivo protease mapping. YvaY and SecB were detected immunologically. Bands representing preYvaY (p), mature YvaY (m) and SecB are indicated. Fig. 6 . B. subtilis signal peptidases stimulate processing of preYvaY in E. coli. E. coli strains TG1(pAR3yvaY) containing plasmid pGDL41, pGDL100, pGDL121, pGDL131, pGDL140 or pGDL42 encoding B. subtilis sipS, sipT, sipU, sipV, sipW or no sip gene (A) and pTD101 (30-fold overexpression of lepB) or pBR322 (control) (B) were induced for YvaY production for 3 h. YvaY was assayed immunologically with monospeci¢c antibodies against YvaY. Bands recognised by antibodies against YvaY representing preYvaY (p), mature YvaY (m) and the intermediate processing product (*) are indicated. completion of export was prevented by the ine⁄cient processing by E. coli signal peptidase. Since B. subtilis Sip proteins stimulated processing of preYvaY it can be concluded that substrate speci¢cities of signal peptidases are di¡erent between E. coli and B. subtilis.
Targeting of preYvaY in E. coli
Since co-expression of sipS resulted in e⁄cient processing of translocated preYvaY, E. coli sipS strains could now be used to study factors involved in the targeting of this precursor in E. coli. To elucidate a possible involvement of SecB in targeting of preYvaY in E. coli processing of preYvaY as analysed in the presence and absence of SecB. As monitored by pulse chase-labelling experiments with subsequent immunoprecipitation of YvaY in E. coli TG1(pAR3yvaY, pGDL41) most of preYvaY was converted into its mature form 5 min post-chase time (Fig.  7A) , in the E. coli secB strain CK1953 reduced processing rates were observed (Fig. 7B ). This result reveals that SecB is at least partially involved in preYvaY targeting in E. coli.
Discussion
Comparative characterisation of protein export in Gram-positive and Gram-negative bacteria is a helpful tool for the detailed elucidation of particular steps of the protein transport process. By studying translocation, processing and release of the B. subtilis protein YvaY we characterised involvement of particular components in the translocation process in B. subtilis as well as in E. coli. Our studies demonstrated that in E. coli targeting of preYvaY is partially mediated by SecB. SecA as well as SecYEG of B. subtilis and E. coli mediated e⁄cient translocation of preYvaY through the cytosolic membrane, con¢rming supposed functional conversation of these central translocation components. In contrast, large di¡eren-ces in the proteolytic cleavage of the YvaY signal peptide revealed di¡erent substrate speci¢cities of signal peptidases. While in the presence of E. coli signal peptidase LepB the pre-protein remained almost entirely unprocessed, B. subtilis signal peptidases stimulated processing of preYvaY in E. coli.
YvaY was initially characterised as a secretory protein, which release into the medium apparently depended on the expression of CsaA, a cytosolic chaperone [35] . Since YvaY has a hydrophobic domain in the C-terminal part (amino acid residues 144^163) of the mature protein it was not included in the list of secretory proteins of B. subtilis [10] ; H. Tjalsma, personal communication). By using TopPred2 (http://www.sbc.su.se/Verikw/toppred2/) this region was calculated as a potential membrane spanning domain. According to data described above, YvaY was e⁄ciently processed and secreted in its natural host B. subtilis. With no measurable half-lifetime the processed protein was secreted into the growth medium. Why the potential transmembrane domain did not result in retention of the protein remains obscure and is subject of our current research. The expression of the protein appears to be highly regulated. At the transition point from the exponential to the stationary growth phase the secretion of the protein was sharply increased. During ongoing cultivation the protein disappeared in the supernatant of the B. subtilis culture. Breakdown products of the protein indicated proteolytic degradation.
Expression of yvaY in E. coli resulted in accumulation of the pre-protein. Only a minor subfraction was converted into its mature form. By using protease mapping we demonstrated that preYvaY was localised outside of the cytosolic membrane indicating that E. coli Sec proteins e⁄ciently mediated targeting and transport of the protein.
Overexpression of B. subtilis SecA as well as SecYEG proteins did not further stimulate processing of the precursor.
To elucidate the reason for ine⁄cient preYvaY processing in E. coli we analysed the e¡ect of leader peptidase overproduction. While overproduction of E. coli leader peptidase LepB hardly a¡ected processing of preYvaY, co-synthesis of B. subtilis Sip proteins stimulated processing of preYvaY. While SipS and SipT converted preYvaY completely into its mature form, co-synthesised SipU, SipV and SipW partially processed the pre-protein. These data con¢rm the role of SipS and SipT as major signal peptidases and SipU, SipV and SipW as minor proteases [10] .
Why was processing stimulated by co-synthesis of Sip proteins? Sip-mediated processing of preYvaY in E. coli could be due to the level of overexpression of leader peptidases. Since native proteins proOmpA and L-lactamase were e⁄ciently processed in E. coli TG1(pAR3yvaY) (data not shown), it can be concluded the capacity of LepB remained su⁄cient to process pre-proteins irrespective of yvaY expression. By analysing processing of pre(A13i)-Llactamase, the activity of SipS, SipT, SipU and SipV in E. coli containing pGDL-derivative plasmids has been demonstrated previously by Tjalsma et al. [16] . Taken to- Fig. 7 . Targeting of preYvaY in E. coli strains TG1(pAR3yvaY, pGDL41) (A) and E. coli CK1953(pAR3yvaY, pGDL41) (B). Processing was analysed by pulse chase-labelling with subsequent immunoprecipitation of YvaY as described in Fig. 4 . Bands representing preYvaY (p) and mature YvaY (m) are indicated.
gether, it can be concluded that Sip-mediated stimulation of preYvaY processing was due to di¡erent substrate speci¢cities of Sip proteins compared to LepB. According to N-terminal sequencing of the released mature protein [35] the 32 amino acid long signal peptide of YvaY is cleaved after T 33 -S-A 31 . The frequency of occurrence of a threonine at position 33 in B. subtilis signal peptides is about 5% [10] , revealing that it does not have an unusual cleavage site for B. subtilis signal peptidases. Since its appearance at position 33 in Gram-negative bacteria is similar, it can be suggested that this cleavage site might be recognised by LepB with similar e⁄ciency. Thus, other characteristics of the signal peptide could prevent e⁄cient recognition by LepB. Taken together, preYvaY is a useful substrate for further studies uncovering the selectivity and substrate speci¢city of particular signal peptidase proteins.
